ABSTRACT The morphology, number, and arrangement of sensory scales along wing margins of the imported cabbageworm, Pieris rapae (L.) (Lepidoptera: Pieridae), were examined by scanning electron and light microscopy, after applying a microscopic operation to the margins. The sensory scales were much more slender than the noninnervated scales, which completely covered the former. The total number of sensory scales was Ϸ190 and Ϸ60 in the forewing and hindwing, respectively, and the patterns of sensory scale arrangement differed between the forewing and hindwing and varied from region to region in each wing margin. Sensory scales were densely distributed along the proximal half of the anterior forewing margin and along a fairly small region of the anterior hindwing margin, immediate to the wing base; they were sparsely distributed or absent along other regions of the wing margin. Sensory scale morphology and arrangement were compared with those of the sensory bristle, another kind of hair-like sensilla, and are discussed in terms of wing movement regulation.
Insect wings are devices for sensing as well as for generating airßow, having many sensilla near wing bases and along wing veins and margins (Vogel 1911; Zachwilichowski 1933 Zachwilichowski , 1934a Pringle 1957; Clever 1958; Albert et al. 1976; Palka et al. 1979; Cole and Palka 1982; McIver 1985; Yack et al. 2000; Yoshida et al. 2001) . Because the articulation between the wing and body plays an important role in insect wing movement (Snodgrass 1935) , sensilla near the wing bases of several insects have been studied in terms of wing proprioception: neuronal information from campaniform sensilla near the wing bases of locusts (Gettrup 1966) and the haltere bases of ßies has been demonstrated to contribute to regulation of their wing movements; a haltere is a vestigial hindwing of the ßy used as a balancing organ (Pringle 1968) . Considering these roles for sensilla near wing bases, sensilla not located near wing bases also may play complementary roles in wing movement regulation, but detailed studies of these roles have not been performed.
Lepidopterans (butterßies and moths) have two kinds of hair-like sensilla, called sensory bristles (chaetic sensilla) and sensory scales (squamiform sensilla), along their wing margins. Their detailed morphology has been described in several species, which indicates that they are easily distinguishable to each other and from noninnervated scales around them (Vogel 1911 , Clever 1958 . Innervation of the sensilla has been illustrated through methylene blue staining of vital neurons (Vogel 1911 , Clever 1958 , Ai et al. 2010 . The arrangement of the sensory bristles along wing margins also has been described in detail in several species (Vogel 1911 , Clever 1958 , Yoshida et al. 2001 , Ai et al. 2010 ) and suggested to be related to wing movement regulation in the imported cabbageworm, Pieris rapae (L.) (Lepidoptera: Pieridae) (Yoshida et al. 2001) .
Knowledge of the morphology, number, and arrangement of sensory scales also would be basic information for understanding their possible role in wing movement regulation, but they have been little studied. Clever (1958) , who reported the arrangement of sensory bristles along the wing margins of three species of Pyralidae, has stated that the exact arrangement of sensory scales is impossible to examine due to technical problems. Because sensory scales are more slender and fragile than sensory bristles, it is indeed fairly difÞcult to examine all sensory scales along a whole wing margin by conventional methods. The application here of a more reliable method, which overcomes these problems, allowed examination of all sensory scales along the wing margin of a Pieris wing by light microscopy and description of the scale number and arrangement. Furthermore, the detailed morphology of sensory scales along the wing margin of Pieris was observed by scanning electron microscopy (SEM) after applying a microscopic operation to the wing margin. Data on the number, arrangement, as well as the detailed morphology, of the sensory scales gathered here provide information that could serve as the basis for neurophysiological and behavioral studies of wing movement regulation.
Materials and Methods
Specimens. Female adults of P. rapae were collected in the Osaka prefecture, Japan, forced to lay eggs, and the larvae reared on a semiartiÞcial diet (Kono 1968) at 20ЊC and a long-day photoperiod of 15:9 (L:D) h. Relatively uniform-sized adults were used for the morphological study; the distance between the forewing base and the terminal of the R3ϩ4 wing vein (i.e., the forewing apical tip) was 2.3Ð2.7 cm. Wings were excised from the bodies and dried at room temperature for Ͼ3 d before use.
Morphology. Wing margins were examined by SEM or light microscopy. The two methods applied are described below.
First, a single sensory scale from a dried wing margin was exposed through removal of the surrounding nonsensory scales using forceps and a Þne needle. This wing specimen was coated with gold using an ion sputtering device (JFC-1500, JEOL, Tokyo, Japan) and examined with a SEM (JSM-5300LV, JEOL).
Second, all sensory scales along the wing margin were exposed through removal of the surrounding nonsensory scales and examined with a SEM or light microscope. Sensory scales were exposed by removal of overlying nonsensory scales by light abrasion of the whole wing margin in a detergent solution (0.1% Triton X-100) by using a small piece of silicone rubber. The resulting exposed sensory scales were examined with a SEM, after drying at room temperature for 1 d, or examined using a light microscope equipped with Nomarski contrast optics, after dehydration with a graded ethanol series, xylene clearing, and embedding in Entellan New (Merck, Darmstadt, Germany).
Results
The sensory scales along an intact wing margin were invisible under a SEM; the sensory scales were completely covered with noninnervated scales. Figure 1 illustrates the exposed sensory scales along a lateral wing margin after removal of the occluding noninnervated scales. The upper views of the wing showed sensory scales were much more slender than noninnervated scales and projecting in the same direction as the surrounding noninnervated scales (Fig. 1A and B) , and the oblique views showed both sensory and noninnervated scales projecting almost parallel to the wing surface ( Fig. 1C and D) and the same on all wing margins: anterior, posterior, and lateral. The sensory scale had longitudinal ridges on its surface as shown in Fig. 1D , which is common to noninnervated scales (Downey and Allyn 1975) , whereas the sensory bristle does not have them (Yoshida et al. 2001 , Ai et al. 2010 . Noninnervated scales are classiÞed into two groups: Þrst, ordinary scales covering a large area of the wing surface; second, marginal scales covering a fairly small area along the wing margin (Downey and Allyn 1975) . As shown in Fig. 1A , it seemed that the sensory scales were covered with noninnervated marginal scales. The socket shape of the sensory scale was distinguishable from that of the noninnervated scale, as shown in Fig. 1BÐD . Figure 2 shows light micrographs of a whole wing mount with the marginal sensory scales exposed through detergent facilitated removal of the occluding noninnervated scales. The lack of damage to all sensory scales along the wing margin was conÞrmed by SEM; a series of Ͼ300 micrographs spanning the whole wing margin conÞrmed that the shafts of all sensory scales were unbroken as no sensory scale sockets (Fig.  1BÐD) were observed without their scale shafts. With the apparent reliability of this method, the exposed sensory scales along the wing margin of whole mount specimens were examined under a light microscope. In the same specimen, it was possible to examine all sensory bristles, another kind of hair-like sensilla along the wing margin (Yoshida et al. 2001 ; Fig. 2) , and by focusing on the dorsal or ventral wing surface, the sensilla were distinguishable between the dorsal and ventral surfaces. Thus, examining whole mounts of wings, we were able to count, not only of sensory scales, but also of sensory bristles on the dorsal and ventral surfaces and to illustrate all sensilla locations along the whole margin. The lengths of sensilla also were measured. Table 1 summarizes the sensory scale and bristle numbers along the wing margins of 10 individuals; the average total number of sensory scales was Ϸ190 and Ϸ60 in the forewing and hindwing, respectively, and the sensory scale number was indistinguishable between males and females, as that of sensory bristles was (Yoshida et al. 2001 ). The number of sensory scales was much larger in the forewing than the hindwing, on both the dorsal and ventral surfaces. By contrast, the number of sensory bristles, which were only on the ventral surface, was much larger in the hindwing than the forewing, as reported in a previous study (Yoshida et al. 2001 ).
We measured sensillum length of the specimen indicated in Table 1 . Because some sensilla were slightly curved, for simplicity only the lengths of straight sensilla were measured and found to be 77 Ϯ 3 and 82 Ϯ 1 m (mean Ϯ SD; N ϭ 10) in the forewing and hindwing, respectively. The sensory bristle lengths were 65 Ϯ 2 and 74 Ϯ 3 m (mean Ϯ SD; N ϭ 10) in the forewing and hindwing, respectively. Thus, the sensory scales were slightly longer than the sensory bristles and both the sensory scales and bristles were slightly longer in the hindwing than in the forewing (P Ͻ 0.001; t-test).
We were able to illustrate the location of each sensory scale and bristle along the wing margin (Fig.  3) . In the forewing, the sensory scales were densely distributed on the dorsal and ventral surfaces between the wing base and the approximate middle of the anterior margin, whereas no sensory bristles were in this region. In the distal half of the anterior margin, the sensory scales were sparsely distributed on both the dorsal and ventral surfaces, whereas the sensory bristles were distributed only on the ventral side. In the anterior half of the lateral margin, the sensory scales were sparsely distributed on and almost exclusive to the dorsal surface, whereas the sensory bristles were distributed ventrally. In the posterior half of the lateral margin and the whole region of the posterior margin, neither sensory scales nor bristles were observed. In the hindwing, the sensory scales were distributed in two separated regions: the large distal region, partially including the anterior and posterior margins, and a fairly small region along the anterior margin, immediately near the wing base. Sensory scales in the Þrst region were sparsely distributed only on the dorsal surface, whereas those in the second were densely distributed only on the ventral surface. And in the Þrst region, sensory bristles were distributed on the ventral surface, which was opposite to the sensory scales. Sensory bristles were more or less evenly distributed throughout their distribution regions and their density was higher than the sensory scales in the sparse scale region and lower than the scales in the denser scale region.
Discussion
In this report, the detailed morphology, numbers, and arrangement of sensory scales along the wing margin of Pieris is described. Sensory scales were completely covered with nonsensory scales, suggesting that olfactory and gustatory stimuli did not have easy access to them and consequently that sensory scales of Pieris may not be chemoreceptive but rather mechanoreceptive. In a preliminary experiment, scales presented a neuronal response to an oscillatory stimulus (F. Yokohari and A.Y., unpublished data). The sensory scales along the wing margins in several lepidopteran species have been reported to be innervated by a single neuron (Vogel 1911 , Clever 1958 , which is characteristic of a sensillum receptive only to mechanical stimuli (McIver 1985) . Thus, the sensory scales along the wing margin are likely to be mechanosensilla in a wide range of lepidopteran species. Taking the sensory scale is covered with noninnervated marginal scales, as described above, it seems that the sensory scale may be stimulated by the marginal scale displacement which may be induced by airßow.
The proximal half of the anterior margin of the Pieris forewing was dense with sensory scales on both the dorsal and ventral surfaces, and another dense scale region was found on a fairly small region of the anterior margin ventral surface, immediately near the base, of the hindwing. In most cases, lepidopterans connect their forewings and hindwings during ßight, and it is likely that, in connected wings during Pieris ßight, the air may ßow into these dense scale regions and out of the sparse regions (Brodsky 1994 , Yoshida et al. 2001 ). There were no sensory scales along the forewing posterior margin and the proximal anterior margin of the hindwing, except for immediately near the hindwing base. As the former region contacts the latter region during Pieris ßight, these two wing margin regions are not the substantial wing margins of connected wings during ßight (Brodsky 1994 , Yoshida et al. 2001 . Also, there were no sensory scales along the proximal posterior margin of the hindwing. This region seemed to receive the poor airßow reduced by the body hindrance during ßight (Brodsky 1994 , Yoshida et al. 2001 . Together, it is likely that sensory scales along the wing margin of Pieris may be spatially arranged to effectively perceive airßow and consequently may contribute to wing movement regulation during ßight.
The morphology, arrangement, and density of sensory scales along the wing margins of Pieris were fairly different from those of sensory bristles; those of the latter have been described in detail previously (Yoshida et al. 2001 ). This suggested that stimuli received by these two kinds of sensilla may contribute to wing movement regulation in different ways. The characteristics revealed here by morphological examination of the sensory scales and bristles of the Pieris wing margin provide a basis for future studies of wing movement regulation. 
